ABSTRACT
Although circulating histones were demonstrated as major mediators of death in septic mice models, their roles in septic patients are not clarified. The present study sought to evaluate the clinical relevance of the circulating histone levels in septic children, and the antagonizing effects of heparin on circulating histones. Histone levels in the plasma of septic children were significantly higher than healthy controls, and positively correlated with disease severity. Histone treatment could activate NF-κB pathway of the endothelial cells and induce the secretion of large amount of cytokines that further amplify inflammation, subsequently leading to organ damage. Co-injection of low dose heparin with lethal dose histones could protect mouse from organ damage and death by antagonizing circulating histones, and similar effects were also observed in other septic models. Collectively, these findings indicated that circulating histones might serve as key factors in the pathogenesis of sepsis and their levels in plasma might be a marker for disease progression and prognosis. Furthermore, low dose heparin might be an effective therapy to hamper sepsis progression and reduce the mortality.
INTRODUCTION
Histones are cationic proteins that associate with DNA in nucleosomes and are critically involved © 1996-2015 in chromatin remodeling and regulation of gene transcription. Despite histones are usually located in nucleus, they can also be found in the cytoplasm or extracellular milieu by secretion and incorporation into neutrophil extracellular traps (NETs) by activated neutrophils to defend pathogens(1), or by passive release from dying cells into the extracellular milieu (2) . Recent studies in septic mice models have identified that circulating histones in the plasma could sever as major mediators of endothelial damage, organ failure and death in sepsis, and a neutralizing antibody against histone H4 could significantly reduce the mortality(3). Furthermore, circulating histones can promote platelet aggregation and thrombus formation, which may contribute to disseminated intravascular coagulation (DIC) in septic patients. Circulating histones can also induce kidney injury by directly activating and killing renal endothelial and tubular cells(2), or induce fatal liver injury through Toll-like receptors(4), similar to multiple organ dysfunction syndrome (MODS) in severe sepsis.
So far, several reagents have been shown to be able to antagonize circulating histones in vitro or in vivo. Circulating histone-induced cytotoxicities to endothelium or in septic mice models can be effectively inhibited by anti-histone antibodies or activated protein C (APC) by direct neutralization or cleavage (3). Furthermore, circulating histone-induced platelet aggregation and thrombus formation can be completely abolished by APC and heparin (5, 6) . Recently, C-reactive protein (CRP) has also been demonstrated to interact with histones and alleviate histone-induced endothelial cell damage, permeability increase and platelet aggregation, which would be a generic mechanism of host defense in humans (7).
Although findings in mice models identified circulating histones as the major mediator of death and may serve as a potential taget in sepsis, to date, few studies have discussed their relevance in septic patients. In the present study, we sought to investigate the levels of circulating histones in septic children and the correlation with the disease severity. In addition, outcome of treatment to septic mouse with low dose heparin, an anticoagulant that has been shown to bind histones more tightly than DNA(8) and efficiently inhibit histone-induced platelet aggregation(6), was analyzed. The underling mechanisms of histone-induced cytotoxicities and protective effects of heparin were also studied in both in vitro and in vivo models.
MATERIALS AND METHODS

Ethics statement
This study conformed to the principles outlined in the Declaration of Helsinki for use of human blood and was approved by the 
Patients
Patients admitted to Shanghai Children's Medical Center between January 2009 and June 2013 and diagnosed with sepsis were recruited using a clinical database. The diagnosis of sepsis and severe sepsis met the criteria recommended by the American College of Chest Physicians and the Society of Critical Care Medicine Consensus Conference (9).
Mouse Models
Male C57BL/6 mice of 6-12 week of age were used for the three types of septic models, caused by direct histone or LPS tail vein injection and CLP operation, respectively,. Histones and LPS were injected directly through the tail vein at indicated concentrations alone as described previously (3, 10) , or co-injected with heparin (10 mg/kg) or argatroban (1 mg/kg). CLP model was also performed as described (3, 10) . Briefly, male C57BL/6 mice of 6-12 week of age were fasted for 16 hours and anesthetized by intraperitoneal injection of phenobarbital (5mg/kg). The cecum was exposed after mid-line laparotomy and ligated right below the ileo-cecal valve without causing intestinal obstruction. After being punctured twice with an 18G needle, the cecum was placed back in the peritoneal cavity, and the abdominal wall was closed in 2 layers. The mice were then treated with cefotaxime (100 mg/kg) and/or heparin (3 mg/kg) or argatroban (1 mg/kg) by tail vein injection 4 hours after the CLP operation for 3 days. The day on which the operation or injection was performed was considered as day 0, and every following-24-hour was counted as 1 day. The condition of the treated mice was monitored at 8am, 2pm and 8pm everyday after treatment. To accurately determine the effects of the drugs and to minimize the artifact, no analgesics or anaesthetics was applied after operation. Survival was used as primary endpoint in these models (11) , and the survival duration was calculated right after the treatment. All the survived mice were euthanized by lethal dose of phenobarbital 7 days after treatment.
Reagents and cell culture
Calf thymus histones and LPS from Salmonella typhimurium were purchased from Sigma, and cell apoptosis detection kit was from BD. Human endothelial cell line HUVEC was purchased from ATCC and cultured in M200 supplemented with LGGS (Invitrogen) according to the manual.
Primary human endothelial cells HUVECs were incubated with calf thymus histones at various concentrations or for different time periods, and the percentage of viable cells was determined by flow cytometry after PI and FITC-annexin V double staining.
ELISA
Extracellular histone levels in the plasma from patients or mice were measured using a sandwich enzyme-linked immunosorbent assay (Cell Death Detection ELISA plus Kit; Roche Diagnostics) as previously described (12, 13) and according to the manufacture instructions. Briefly, 20 μL citrated plasma was diluted 1:4 with phosphate buffered saline (PBS) containing 1% bovine serum albumin (BSA), 0.5.% Tween-20, and 1 mM ethylenediamine tetra-acetic acid (EDTA), added to streptavidin-coated microtiter plates containing biotinylated mouse anti-histone antibody and peroxidase conjugated anti-DNA antibodies, and incubated at room temperature for 2 hours. Peroxidase activity was measured with spectrophotometer at 405 nm after incubation with the substrate ABTS (2, 2'-azino-di (3-ethylbenzthiazoline-sulfonate)). Cytokines released into the cell media were measured by the ELISA-based Bioplex multiplex cytokine measurement system (BioRad) as previously described (12, 13) and according to the manufacture instructions.
To investigate whether they also play pivotal roles in septic patients, totally 40 healthy controls and 80 septic children admitted into our hospital from January 2009 to June 2013 were enrolled in the present study, in which 40 patients were with severe sepsis. Sepsis and severe sepsis, were diagnosed according to the criteria recommended by the American College of Chest Physicians and the Society of Critical Care Medicine Consensus Conference (9) . Whole blood samples of these children were collected upon admission, and the levels of circulating histones in the plasma were determined by ELISA. 
Flow cytometry
Western blotting
Activation of downstream signaling pathway was analyzed by standard Western blot after being stained with anti-IκB-α, anti-phospho p38 or anti-total p38 antibodies (Cell Signaling Technology), developed by ImageQuant LAS 4000 mini (GE Healthcare) and quantified with AlphaView SA (Cell Biosciences). Density of IκB-α was normalized to that of b-actin in the same sample, reflecting the activation extent of NF-kB pathway, and the ratio of vehicle-treated cells was considered as 1. Similarly, the ratio of phospho p38 to total p38, which reflected the activation extent of mitogen activated protein kinase (MAPK) pathway, was also calculated, with that of vehicle-treated cells being considered as 1.
Transmission electron microscopy and scanning electron microscopy
Treated HUVECs or lung tissue specimens from septic mice were doubled stained with saturated 3% (w/v) uranyl acetate in 50% (v/v) alcohol and lead citrate after fixation, and then examined using a transmission electron microscope (Philips CM120). To further confirm the membrane morphology of histone-treated HUVECs, the fixed cells were examined using a scanning electron microscopy (Quanta 250).
Statistical Analysis
Survival studies were analyzed using the logrank test in the program Prism (GraphPad). Other data were expressed as the mean ± SD. Comparisons between two groups were performed by two-tailed student t test. Differences with p value < .05 were considered as statistically significant.
RESULTS
The levels of circulating histones in the septic children were correlated with the severity of sepsis
Circulating histones have been demonstrated as major mediators of death in septic mice models(3), but few studies have discussed their relevance in septic patients. As shown in Figure 1A , histone levels in the plasma of the children diagnosed with mild sepsis were significantly higher than healthy controls, and histone levels in the severe septic children were even higher © 1996-2015 (0.2.6 ± 0.1.9 vs. 2.1.6 ± 0.9.8 vs. 19.8.0 ±8.6.7, p < .0001). Among the children diagnosed with severe sepsis, the levels of circulating histones in the nonsurvivors were significantly higher than those in the survivors (29.9.7 ± 5.1.1 vs. 13.7.0 ± 2.3.2, p < .0001, Figure 1B) . The above results clearly indicate that the levels of circulating histones in the septic children correlate positively with the disease severity. Since the basic characteristics of the study subjects are comparable in all groups (Table 1 and 2), our findings suggest that circulating histones might be indicators for disease progression and play pivotal roles in septic patients.
Heparin could effectively inhibit histoneinduced HUVEC death
Since vascular endothelium injury, the key factor in sepsis that could gradually lead to MODS, was also observed in histone-treated mice(3), to further investigated the effects of circulating histones on endothelium and the underlying mechanism. As shown in Figure 2 , histones induced HUVEC death in a dose-and time-dependent manner, which can be effectively inhibited by heparin (Figure 2A-C) . In addition, heparin showed a step-wise decrease of inhibitory effect when added at different time points after histone treatment ( Figure 2D ), indicating that earlier usage of heparin could provide better efficacy. Histone treatment also resulted in formation of the pores in the plasma membrane of HUVECs to disrupt the cells and condensation of the nuclear chromatin, as observed under electron microscope ( Figure 2E and  F) . Further studies demonstrated significant NF-кB and MAPK activation in HUVECs after histone treatment, as evident by IкB-α degradation and p38 phosphorylation ( Figure 3A) , which subsequently led to the secretion of a range of important pro-inflammatory cytokines, such as TNF-α and IL-6 ( Figure 3B ). All the effects induced by histone treatment could be effectively inhibited by heparin. Therefore, it is possible that high levels of histones in the plasma activate NF-κB pathway to induce the secretion of large amount of cytokines that further amplify inflammation. Meanwhile, circulating histones also destroy the endothelium, subsequently leading to organ damage.
Heparin protects septic mice from organ damage and death
To demonstrate the protective effects of heparin against histones in vivo, we injected 75 mg/kg histones intravenously into mice in the absence or presence of 10 mg/kg heparin. Consistent with previous studies (3, 7, 14) , all mice (n = 5) died within one hour after injection with 75 mg/kg histones, exhibiting severe multifocal alveolar hemorrhage, release of myeloperoxidase (MPO) to alveoli, and vacuolization in endothelial cells ( Figure  4 ). Given that MPO could enhance the production of hypochlorous acid from hydrogen peroxide and chloride anion, which kills bacteria but also damages host cells, increased MPO release may further contribute to lung injury, including alveolar endothelial cell damage. Coinjection of heparin (10 mg per kg) rescued all of the mice (n = 5) challenged with the same lethal dose of histones ( Figure 4A ). After heparin intervention, alveolar hemorrhage in lung tissues significantly reduced, and much less neutrophils infiltrated into the lungs as evident by anti-MPO immunohistochemical staining of the lungs ( Figure 4B, C) .
To further confirm the protective roles of heparin in sepsis, CLP-induced sepsis models were performed. Histone levels in the plasma of CLP mice were significantly higher than controls, and all mice (n = 10) died within 4 days if without any drug treatment ( Figure   Figure 1 . Circulating histone levels in septic children were correlated with the severity of sepsis. Whole blood samples were collected from 80 septic children (40 were with mild sepsis and the others were severe sepsis) upon admission and 40 healthy children, and histone levels in the plasma were determined by ELISA. The data were present as the mean ± SD. (A) Histone levels in severe septic children were significantly higher than those with mild sepsis, and both were significantly higher than healthy controls (p < .001). (B) Among all 40 severe septic children, histone levels in the nonsurvivors were significantly than the survivors (p < .001). © 1996-2015 Treated cells were double stained with FITC-Annexin V and propidium iodide, and detected by flow cytometry. Cells negative for both Annexin V and propidium iodide were considered as viable cells, and the cell survival rate was calculated from 3-8 independent experiments and presented as the mean ± SD. **, p < .01; ***, p < .001. (E, F) Treated cells were either fixed and examined using a scanning electron microscopy (E) or doubled stained with saturated 3% (w/v) uranyl acetate in 50% (v/v) alcohol and lead citrate after fixation and examined using a transmission electron microscope (F). © 1996-2015 Figure 3 . Heparin could efficiently inhibit histone-induced HUVEC activation and cytokine release. 5×10 5 HUVECs seeded in 6-well plate and cultured overnight were treated with histones at various concentrations or for various time periods. (A) Treated cells were lysed in 1% Triton X-100 lysis buffer, and the cell lysates were separated on 10% Tris-glycine SDS-PAGE, transferred to PVDF membrane and stained for IκB-α, phospho-p38, total p38 or β-actin. Band density was quantified with AlphaView SA, and normalized to untreated cells (considered as 1). The ratio was calculated from 3-4 independent experiments and presented as the mean ± SD. (B) Culture media were collected from treated cells, and levels of TNF-α and IL-6 in the media were determined by Bioplex multiplex cytokine measurement system. The data were calculated from 4 independent experiments and presented as the mean ± SD. *, p < .05; **, p < .01; ***, p < .001. Heparin protects mice from organ damage and death in a histone-treated model. A. Survival rates of mice injected intravenously of histones (75 mg/kg) with or without heparin (10 mg/kg). 5 mice were included in each group. (B) Hematoxylin and eosin (H&E) staining of the lung tissues from untreated mice (control) and mice treated with histones (75 mg/kg) with or without heparin (10 mg/kg). Intra-alveolar hemorrhage was observed in the lungs after histone treatment, which was completely inhibited by heparin. (C) Anti-MPO antibody staining of the lung tissues from untreated mice (control) and mice treated with histones (50 mg/kg) with or without heparin (10 mg/kg) 48 hours after treatment. Significant neutrophil infiltration was observed in the lungs after histone treatment, which was completely inhibited by heparin. © 1996-2015 5A, B). Administration of cefotaxime alone could improve the survival rate of CLP mice to 30% when determined at day 7 after operation. Treatment with heparin alone after operation did not induce apparent bleeding and could improve the survival rate to 40% ( Figure 5A) . Notably, when cefotaxime and heparin were injected in combination, circulating histone levels were significantly reduced, and 80% of the mice survived to day 7 without apparent organ damage and neutrophil infiltration into the lungs as evident by anti-MPO immunohistochemical staining ( Figure 5 ). These findings clearly indicated that heparin could effectively protect septic mice from organ damage and significantly improve the survival rate of these mice. Similar effects were also observed in LPStreated mice (Figure 6 ).
Protective effects of heparin against circulating histones do not depend on its anticoagulant function
Since heparin is considered as an effective anticoagulant by interfering with thrombin pathway (15, 16) , to distinguish whether the protective effects of heparin are by antagonizing circulating histones or by inhibiting coagulation, mice were treated with argatroban, another small molecule anti-coagulant directly inhibiting thrombin (17, 18) . Mice co-injected with argatroban (1 mg/kg) and lethal dose of histones died within one hour (data not shown). This is in line with the observation that argatroban (up to 80 μg/mL) could not inhibit histoneinduced HUVEC death in vitro ( Figure 7A ). All these findings suggested that heparin may protect mice from histone-induced cytotoxicities by directly antagonizing circulating histones, rather than its well-known anticoagulant function. To further confirm this, CLP mice were treated with argatroban as histones treatment. In contrast to heparin treatment, argatroban in combination with cefotaxime did not improve the survival rate of CLP mice; 7 out of 10 mice died at day 7 ( Figure 7B ). This is consistent with the observation that argatroban (up to 1 mg/kg) could not inhibit histone-induced mice death in vivo. All these findings suggested that heparin protected septic mice from organ damage and death by antagonizing histones, rather than anticoagulation.
DISCUSSION
Histones are highly alkaline proteins that package DNA into nucleosomes and regulate gene transcription inside the nucleus, but extracellular histones elicit toxic and pro-inflammatory effects to various organs (2, 4, 19) . Although Xu et al reported extracellular histones as major mediators of death in septic mouse models (3), no definitive evidence on the roles of circulating histones in septic patients has been provided. In the present study, we report that the levels of circulating histones in septic children were significantly higher than controls and correlated with the severity of sepsis (Figure 1) . Therefore, elevated circulating histones level may be regarded as a clinical biomarker in sepsis for disease progression and prognosis.
The pathophysiology of sepsis involves a highly complex, integrated response including the activation of a number of cell types, inflammatory mediators, and the haemostatic system. A crucial tissue involved in sepsis pathogenesis is the endothelium. Endothelial cells critically participate in hemodynamics, immunity and coagulation pathways, the three main cornerstones of septic response (20) . NETs and histones have been shown to induce epithelial and endothelial cells death in vitro (3, 14, 21) , but the mechanism remains poorly studied. Our results showed that histone treatment triggered the activation of NF-κB and p38, resulting in the release of a range of important pro-inflammatory cytokines and chemokines, such as TNF-α and IL-6, which would further amplify inflammation (Figure 3 ). On the other hand, histones disrupted cell membranes and directly caused endothelial death, subsequently leading to organ damage (Figure 2 and 4) .
To further confirm the protective effects of heparin against circulating histones, three different septic mice models were utilized in the present study. We have observed a significant decrease in circulating histone levels in CLP mice models when heparin was injected 4 hours after operation ( Figure 5 ). In addition, in all three models, treating the septic mice with low dose of heparin could alleviate the symptoms of the mice including alveolar hemorrhage and endothelial damage, and significantly improve the survival rates (Figure 4 and 5). Under these conditions, heparin may take effects primarily by antagonizing circulating histones rather than anticoagulation, as evident by the lack of such effects when treating the septic mice with another anticoagulant argatroban ( Figure 6 ), which is also supported by the recent study that non-anticoagulant heparin could prevent histone-mediated cytotoxicities(11).
Several reagents have been shown to antagonize circulating histones in animal models, such Figure 5 . Heparin treatment protects mice from organ damage and death in a CLP model. (A) Survival rate of mice subjected to CLP and various treatments. The mice were either treated with cefotaxime (100 mg/kg) and/or heparin (3 mg/kg) by tail vein injection 4 hours after the CLP operation for 3 days or normally fed without any treatment after CLP operation. 10 mice were included in each group and the number of survival mice was recorded every 24 hours for 7 days. (B) Histone levels in the plasma of various treated mice as determined by ELISA. The data were calculated from 3 mice and presented as the mean ± SD. *, p < .05; **, p < .01; d1, 24 hours after CLP operation; d2, 48 hours after CLP operation. (C) Lung tissues from various treated mice were stained with anti-MPO antibody after fixation, and examined using a microscopy. Neutrophil infiltration was indicated by arrows. hep, heparin.
as anti-histone antibodies and APC(3). However, despite APC can cleave histones into non-toxic fragments thus inhibit histone-induced cytotoxicities in vitro and in vivo, clinical trials showed that the septic patients did not benefit from APC treatment (22) . In contrast to APC, heparin has been suggested to treat sepsis by the Surviving Sepsis Campaign Management Guidelines Committee (23, 24) . A retrospective, propensity matching, multi-center cohort study showed that early septic shock patients intravenously injected with low dose heparin had decreased 28 d mortality rates, especially in patients with severe disease. In addition, injection of heparin can improve the success rate of removing the ventilator and vasoactive drugs (25) .
The potential bleeding risk is a major concern of treating septic children with heparin, but our in vitro findings on HUVECs indicated a high efficacy of heparin against histones, since heparin could completely inhibit 200 μg/mL histone-induced cytotoxicities at concentration as low as 25 μg/mL (i.e. 3 U/mL). Therefore, usage of low dose heparin may be effective to treat sepsis, without causing bleeding, as evident in our mice studies. Another concern is that the patients will Figure 6 . Heparin protects mice from organ damage in a LPS-treated model. Mice were injected intravenously with LPS (50 mg/kg) with or without heparin (10 mg/kg), and peripheral blood and lung tissues were collected at indicated time point. (A) Histone levels in the plasma of various treated mice as determined by ELISA. The data were calculated from 3 mice and presented as the mean ± SD. *, p < .05; d1, 24 hours after LPS treatment; d2, 48 hours after LPS treatment. (B) Anti-MPO antibody staining of the lung tissues from untreated mice (control) and mice treated with LPS (50 mg/kg) with or without heparin (10 mg/kg) 48 hours after treatment. Significant neutrophil infiltration was observed in the lung after LPS treatment, which was completely inhibited by heparin. © 1996-2015 be under different stages when admitted to the hospital, and it might not be possible to treat the patients as soon as they develop sepsis. Our in vitro study demonstrated that usage of heparin at different time points after histone treatment could still hamper further histone-induced cytotoxicities ( Figure 3D ), suggesting that the septic patients could benefit from heparin treatment even after disease progresses.
In conclusion, our results have demonstrated that the levels of circulating histones were significantly higher in septic children and correlated with disease severity, suggesting that they might serve as a good biomarker for sepsis progression and prognosis. Heparin could significantly improve the survival rate of septic mice, possibly by antagonizing circulating histones to prevent histone-mediated cytotoxicities. Further multicenter prospective studies might be required to validate the efficacy and safety of the low dose heparin therapy to septic patients.
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